Abstract The population genetic structures of three congeneric coastal pelagic marine fishes (Arripis trutta, A. truttaceus and A. georgianus) were investigated to determine whether these structures were consistent with the apparently high gene flow life histories of these species. This investigation used fragment length polymorphisms at two to four nDNA intron loci (amplified by EPIC-PCR) in samples of each species collected from across their entire Australian distributions. The results revealed no evidence of genetic subdivision in any species based on an analysis of variation either across samples (with multilocus F ST values ranging from effectively zero to 0.005), or between pairs of samples. These findings, when considered in combination with other available evidence, are consistent with the view that each of these species represents a rare example of a coastal fish species that is genetically homogeneous over a vast area, including the entire geographic range (A. truttaceus and A. georgianus) or Australian distribution (A. trutta).
Introduction
It was often traditionally assumed that coastal pelagic marine fishes exhibit genetic homogeneity, and possibly even panmixia (random mating), over their geographic distributions (see DeLigny and Pantelouris 1973; Waples 1987; Ward et al. 1994; Hauser and Ward 1998 for discussion). However, most genetic studies of coastal fishes with a seemingly highly dispersive life history have detected the presence of population subdivision (e.g. Gold et al. 2002; Knutsen et al. 2003; Rohfritsch and Borsa 2005; Ruzzante et al. 2006; Atarhouch et al. 2007; Chairi et al. 2007; Chlaida et al. 2008; Wang et al. 2008; André et al. 2011 , but see Hoolihan et al. 2006; Cárdenas et al. 2009; Palm et al. 2009 ). Indeed, in view of the results of recent genetic studies, it has been argued that panmixia is unexpected even in widespread fish species that are distributed across different environments (Als et al. 2011) .
Pelagic species with a life history that involves high dispersal potential at every life stage (larval, juvenile and adult) could be expected to be the most likely candidates to exhibit extensive gene flow, generating a considerable homogenising effect, if not panmixia (Waples 1987; Ward et al. 1994; Siegel et al. 2003) . Although this type of life history is uncommon among coastal fishes (Gillanders et al. 2003) , members of the family Arripidae (Australian Salmon) exhibit impressive vagility throughout their lives. In fact, few coastal marine fishes appear to share the dispersal potential of Arripis species (Ward et al. 1994; Gillanders et al. 2003) and A. truttaceus, in particular, may well have the greatest documented migration from juvenile to adult distribution of any marine fish (Gillanders et al. 2003) .
The family Arripidae is endemic to temperate Australasian seas and contains a single genus Arripis, and four currently recognised species. In Australian mainland waters, the family is represented by the Eastern Australian Salmon Arripis trutta (Bloch and Schneider, 1801) , the Western Australian Salmon Arripis truttaceus (Cuvier 1829 ) and the Australian Herring Arripis georgianus (Valenciennes 1831) . The latter two species are endemic to these waters, while the former also occurs in New Zealand waters (Paulin 1993) . A fourth species, the Northern Kahawai Arripis xylabion Paulin 1993 occurs around islands north of New Zealand (and possibly also in New Zealand waters), but is not included in the present study. All species are targeted in long-term, low financial value recreational and commercial fisheries and there is a long research history for each in the context of fisheries management (e.g. Fairbridge 1950; Malcolm 1960; Nicholls 1971; Lenanton and Hall 1976; Stanley 1988a; Cappo et al. 2000; Fairclough et al. 2000a; Stewart et al. 2011) .
The three Australian species of Arripis have complex life histories involving impressive migrations (see Fig. 1 ). For example, adult A. truttaceus are distributed around the south-west corner of Australia. Breeding adults migrate to, and concentrate in, the western-most parts of this area to spawn (Malcolm 1960; Stanley 1988b ). The planktonic larvae are then transported hundreds or thousands of kilometres to the south-east Fig. 1 Sampling sites and generalised map of the distribution and movements of Arripis trutta (dashed arrows), A. truttaceus (black arrows), and A. georgianus (grey arrows) in Australian waters. 'I' indicates presumed larval dispersal, including some local retention; 'II' represents direction of movement of juvenile fish; 'III' represents movements of sub-adult fish; and 'IV' represents adult distribution and movements. Sample sites are indicated with a species prefix: A. trutta (E), A. truttaceus (W) and, A. georgianus (H), and location suffix: Fremantle (F), Canal Rocks (C), Augusta (A), Yeagarup (Y), Peaceful Bay (P), Irwin Inlet (I), Oyster Harbour (O), Albany (L), Wellstead Estuary (W), in Western Australia; The Coorong, South Australia (S); Flinders Island, Tasmania (T); Lakes Entrance, Victoria (V); Port Stephens, New South Wales (N) by the Leeuwin Current and wind-generated water flow (Petrusevics and Bye 1995; Caputi et al. 1996) . Post-settlement and first-year A. truttaceus occur along much of the southern coast of Australia but are most abundant in south-eastern Australian waters (Malcolm 1960) . Juvenile and sub-adult fish migrate progressively westward, and enter the adult distribution in their fourth year of life (Malcolm 1960; Hoedt and Dimmlich 1994) . The migratory life history of A. trutta reflects that of A. truttaceus, except that the individuals follow a north-south route along the east coast of Australia (Stanley and Malcolm 1977; Stanley 1988c; Stewart et al. 2011 ; Fig. 1) . Likewise, the migratory life history of A. georgianus is very similar to that of A. truttaceus (Fig. 1) , except that A. georgianus may have more local larval retention (Lenanton 1982; Fairclough et al. 2000b) , and individuals enter the adult distribution at 2 years of age (Fairclough et al. 2000a) .
On the basis of possessing a high dispersal potential at every life stage, it is tempting to hypothesize that the species of Arripis provide some rare examples of coastal pelagic species that are genetically homogeneous over their entire range (see Waples 1987; Ward et al. 1994; Siegel et al. 2003) . The only published test of this hypothesis was an allozyme-based study of the population structure of A. georgianus that was conducted by Ayvazian et al. (2004) , as part of a multidisciplinary stock assessment of this species. Ayvazian et al. (2004) found no evidence of population genetic subdivision in this species, but based on a test with very limited power due to a very low level of allozyme polymorphism. There is clearly a need to find more polymorphic markers to improve the power of the analyses and to study the population genetics of the other Arripis species.
The present study used nDNA markers in the form of fragment length polymorphism at several intron loci to investigate the population genetic structures of Arripis species. These polymorphisms are assayed using 'universal' primers in exon-primed, intron-crossing PCR (EPIC-PCR, Palumbi and Baker 1994) and have been used to investigate population and evolutionary questions in other fishes and also invertebrate species (e.g. Bierne et al. 2000; Berrebi et al. 2005; Atarhouch et al. 2007; Fauvelot et al. 2007; Rolland et al. 2007; Li et al. 2010; Boissin et al. 2011 ). This type of nDNA marker was used because it provides many of the advantageous qualities of microsatellite markers (e.g. highly polymorphic, single locus, co-dominant markers; e.g. Li et al. 2002) , but avoids the time and cost required to developed customised primers, as would have been the case for a microsatellite-based study. This latter point is particularly relevant in the context of this study because the species of Arripis are of limited financial value and have a relatively low profile from a conservation perspective, and hence attracting funding for molecular work is difficult. In addition, there is currently no published information on microsatellite loci in the Arripidae and, given the uncertainty of the systematic position of this family (e.g. Johnson and Fritzsche 1989; Yagishita et al. 2009 ), there are no obviously related groups to target for cross-species transfer of microsatellite primers (see Selkoe and Toonen 2006) . Furthermore, transferability of microsatellite loci between fish families is generally poor (e.g., Barbará et al. 2007) .
The objective of this study was to use length frequency polymorphisms at intron loci to investigate the population genetic structures of Arripis trutta, A. truttaceus and A. georgianus, across their entire ranges in Australian mainland waters. This was done to determine whether these structures are consistent with the hypothesized high gene-flow life histories of these species.
Materials and methods

Sample collection
For each species, the collection locations were distributed across their Australian range ( Table 2 ). For each species, a combination of juveniles and adults was sampled.
Genetic assays
Total genomic DNA was isolated from approximately 5 mg of muscle tissue from Arripis individuals using a MasterPure™ extraction kit according to the manufacturer's instructions.
Fragment length polymorphism at two to four intron loci, depending on the species, was assayed. The loci were: Aldolase B, intron 4 (AldoB4); Calmodulin, intron 4 (CaM4); S7 ribosomal protein gene, intron 2 (S72), and Creatin kinase (CK7). The loci were amplified by EPIC-PCR using published primers (from Chow and Hazama 1998; Chow and Takeyama 1998; Hassan et al. 2002) . These four loci were chosen from a pool of 28 intron loci because, in preliminary trials, they were the only loci that amplified and exhibited polymorphism in at least one species of Arripis (Moore 2012) .
PCR reactions were carried out in a GeneAmp 9700 Thermal Cycler (Applied Biosystems) with: (i) an initial denaturation phase of 5 min at 94°C, (ii) 38 amplification cycles, with each cycle consisting of 30 s of denaturation at 94°C, 30 s of annealing at optimised temperatures (Table 1) , 30 s of extension at 72°C, and (iii) a final 20 min extension at 72°C (to standardise poly-A additions). The only exceptions were: (i) the locus CK7 in A. georgianus, which was amplified using a touch-down PCR of 57 amplification cycles, with annealing starting at 58°C for 60 s and decreasing by 0.3°C and 1 s each cycle; and (ii) the locus CaM4 in A. georgianus, which was amplified using a touch-down PCR of 50 amplification cycles, with annealing starting at 65°C for 60 s and decreasing by 0.4°C each cycle (Table 1 ). The PCR reaction mixture contained 0.1 mM of each dNTP (Promega), 0.25U Taq DNA polymerase (Roche), 1.5 μl Taq Buffer (100 mM Tris-HCl, 15 mM MgCl 2 , 500 mM KCl, pH 8.3; Roche), 0.04-0.06 μM of each primer (Table 1 ; forward primers were fluorescently labelled), and approximately 10 ng of DNA template, adjusted to a volume of 15 μl with PCR grade H 2 O.
PCR products were assayed either singularly or multiplexed for one large and one small locus, using optimised volumes for each locus (Table 1) . Fragment length was determined with an ABI 3730 Automated Sequencer (Applied Biosystems) using LIZ1200 (Applied Biosystems) as the size standard. Allele peaks were manually scored to one decimal place using the software GENEMARKER v. 1.71 (SoftGenetics Inc.). The data points for the allele scores of all individuals of all species at a locus grouped into a series of discrete clusters, with variability around each allele and gaps between each allele cluster, as is typical for automated sizing of DNA fragments (see Idury and Cardon 1997; Anon. 2004) . Each allele was named by the modal integer of the associated cluster of data points. It is possible that some similar but different sized alleles have inadvertently been placed into the same allele cluster. Both positive (individuals for which the genotype was already known) and negative (no added DNA template) controls were included in assays.
Data analyses
The program MICRO-CHECKER (v. 2.2.3; van Oosterhout et al. 2004 ) was used to test for the presence of null alleles at each locus in each sample of each species. For each species, the number of alleles per locus (N A ), observed heterozygosity (H O ) and expected heterozygosity (H E , Nei 1987) were calculated for each sample and over all samples. Exact tests were used to assess departures from Hardy-Weinberg Equilibrium (HWE) conditions at each locus in each sample. Fisher's exact probability tests were used to test for departures from linkage disequilibrium for each pairwise combination of loci, in each sample of each species. An exact chi-square test with Fisher's combined probability method was used Table 1 PCR and plate loading conditions for assays for polymorphic intron loci in the three species of Arripis. In each case, the optimised annealing temperature and primer concentration used in PCR reactions is given, along with the volume of PCR product loaded onto plates for fragment analysis. A dash (-) indicates that the locus was monomorphic for a species, and not included in the present study. An asterisk (*) indicates touchdown PCR
Locus
Arripis (Goudet 1995) , assuming samples in HWE and using 10 000 permutations to test statistical significance. The value of F ST over all loci was calculated using the software GENETIX v. 4.05.2 (Belkhir et al. 2004 ) and again using 10 000 permutations to test the statistical significance. Pairwise F ST tests between samples within each species were conducted in FSTAT, with statistical significance determined as above. Finally, the factorial correspondence analysis (FCA) of GENETIX was used to search for structure in the multilocus genotype data, based on individuals rather than samples, following Guinand (1996) .
A retrospective power analysis was conducted with 1000 runs using the method described by Theisen et al. (2008) and the software POWSIM v. 4.0 (Ryman and Palm 2006) . Briefly, this involved simulated populations that were allowed to drift to various levels of genetic divergence (quantified by F ST , as a product of the number of generations, t, and population size, Ne). Power was determined by finding the least number of generations of drift that could be detected among the sampled populations of each species with a power ≥95 %, while holding the population size constant at 1000. This analysis only included the individuals of a species that were typed for all polymorphic loci for that species (A. trutta N=82, A. truttaceus N=119, A. georgianus N=188), because this software cannot accept different sample sizes for different loci within a sample.
Results
The AldoB4 and S72 loci were polymorphic in all three species, while CK7 was polymorphic only in Arripis trutta and A. georgianus and CaM4 was polymorphic only in A. georgianus (Table 2 ). The alleles ranged in size from 169 to 191 bp at locus AldoB4, from 469 to 504 bp at CaM4, 844-984 bp at CK7 and 816-931 bp at S72 (Table 2 ; details in Moore 2012). The overall level of polymorphism was greatest in the samples of A. georgianus (four polymorphic loci, with a total of 32 different alleles), followed by those of A. trutta (three polymorphic loci, with a total of 19 different alleles), while those of A. truttaceus contained only two polymorphic loci, with 7 different alleles ( Table 2) . Mean expected heterozygosity per sample per locus, when the locus was polymorphic in the sample, was typically low to moderate (e.g. between 0.083 and 0.655; Table 2 ). The results from MICRO-CHECKER revealed no evidence for the presence of null alleles or large allele dropout at any locus in any sample in any species. In fact, only a single departure from HWE was detected (locus CK7, HO sample of A. georgianus) and even this was not statistically significant following Bonferroni correction (Table 2) . No cases of significant linkage disequilibrium were detected, after Bonferroni correction, for any pair of loci in any sample of any species, suggesting independent loci (data not presented).
Within each species, single locus estimates of (global) F ST were consistently low (Table 3) . Accordingly, the (global) multi-locus values of F ST for each species were also low (e.g. ≤0.005) and not significantly different from that expected by chance (Table 3) . Similarly, the values of F ST between each pair of samples within each of the three study species were invariably low (e.g. effectively zero for A. trutta, F ST <0.018 for A. truttaceus, and F ST <0.030 for A. georgianus) and none were significantly different from that expected by chance (Table 4) . For each species, no spatial patterns were discernable in the FCA, as there was little to no clustering of individuals from the same collection site in any species and the distribution of the multilocus genotype data was not strongly explained by either axis (Fig. 2) .
Power analyses suggested that genetic divergence would be detected with ≥95 % confidence, at least at F ST ≥0.034 for A. trutta (N e =1000, t=70), F ST ≥0.039 for A. truttaceus (N e =1000, t=80) and F ST ≥0.009 for A. georgianus (N e =1000, t=20).
Discussion
This research did not reveal any evidence of genetic structuring in any of Arripis trutta, A. truttaceus or A. georgianus in Australian waters. For one or more species, this could potentially be due to: (a) errors in the genetic data; (b) inadequate sampling; and/or (c) the effects of selection and/or (d) inadequate genetic data or (e) no genetic structure. Each of these alternatives is evaluated below. As is explained, when the Table 2 Characteristics of four intron loci for samples of N individuals of three species of Arripis. N A is the number of alleles for each sample and for the species (in parentheses). The range of allele sizes for each locus is given for each species (in bp). H E and H O are expected and observed heterozygosity, respectively. HWE(p) is the probability of a Type 1 error in exact tests for departures from Hardy-Weinberg equilibrium expectations. Collection sites are ordered from the most northerly to the most south-easterly (see Fig. 1 ). A dash (-) indicates that the locus was monomorphic for a sample. An asterisk (*) indicates not significant after Bonferroni correction.
'n/a' indicates that a p-value could not be calculated because only 2 alleles were present in the sample, one of which was represented by a single copy 
Errors in the genetic data
There was no evidence of methodological errors, such as PCR artefacts, impacting on the Arripis genetic data sets and regardless most such errors typically produce heterogeneity rather than homogeneity in genetic data (Pompanon et al. 2005) . The conservative approach to allele scoring (see Methods) could conceivably have masked some variation through a failure to discriminate alleles of similar but different size. However, the adopted approach was preferable to other methods of allele scoring of fragment length variation at intron loci where, for example, arbitrary size categories have been imposed on the data (e.g. Gomulski et al. 1998; Berrebi et al. 2005; Hubert et al. 2006; Atarhouch et al. 2007 ).
Inadequate sampling
The results were based on samples obtained from across virtually the entire Australian distribution of all three study species. Thus, it seems highly unlikely that any genetic differentiation in any of the species in Australian waters was missed due to, for example, sampling all individuals from a single, localised breeding unit within a subdivided species (see Page and Holmes 1998) .
Extensive sampling for temporal or cohort effects (see Johnson and Black 1984; Hedgecock 1994) was not undertaken, partly because preliminary analyses revealed no evidence of significant spatial genetic heterogeneity in Fig. 2 Factorial correspondence analysis (FCA) illustrating the lack of a strong relationship between the multi-locus genotypes and collection sites of individuals of Arripis trutta (top), A. truttaceus (middle) and A. georgianus (bottom). The total variation explained by each axis is given as a percentage. Sample codes are as per Fig. 1 . For scaling purposes, outliers have been shifted and their correct position indicated by an arrow and coordinates. Note, many points overlap and are obscured any of the three study species. In addition, limited testing found no evidence that these factors had any effect on genetic variation in A. georgianus (Moore 2012) .
Selection
Although uniform selection can maintain genetic homogeneity across a species' range (see Ehrlich and Raven 1969; Lamy et al. 2011) , it is unlikely to account for the absence of genetic structure at multiple, independent intron loci (see Avise 2000; Hare 2001 ; but see Amos and Harwood 1998) , as was observed in the Arripis species.
Inadequate genetic data
Resolving the finer details of population genetic structure in high gene-flow situations, such as in the arripids, is difficult (see Shaklee and Currens 2003) . Evidence in support of the hypothesis of genetic homogeneity is relatively strong for A. georgianus, where, for example, the results of the power analysis indicate that the current data set could detect modest levels of genetic subdivision (F ST ≥0.009). Furthermore, a prior allozyme study, based on four loci, similarly failed to detect any evidence of genetic subdivision in this species (based on 646 individuals sampled from 11 sites between Victoria and Western Australia; Ayvazian et al. 2004) , although the levels of polymorphism at the allozyme loci were admittedly very low. The number of polymorphic intron loci assayed for A. trutta and A. truttaceus was too small to provide compelling evidence of a lack of structure for either species. However, in this context, it is worth noting that an unpublished study of variation at the esterase locus revealed no evidence of subdivision in the latter species (based 580 individuals from nine sites between Victoria and Western Australia; MacDonald 1980). There are no prior population genetic studies for A. trutta in Australian waters. Furthermore, all Arripis species, particularly A. truttaceus, exhibit unusually low levels of polymorphism genome wide (MacDonald 1980; Ayvazian et al. 2004; Moore 2012) , making it unusually difficult to find sufficient polymorphic markers to test a hypothesis of genetic homogeneity with a high degree of power (see Moore 2012) .
No genetic structure
The results of this study are consistent with the hypothesis that the amount of gene flow across the entire and vast Australian distribution of each Arripis species is sufficient to prevent genetic structuring. This was hypothesised in view of the high migratory life-history of these species (see Introduction). While additional genetic data are required to confirm this interpretation (see above), the genetic results are consistent with the results of studies based on other types of evidence, specifically otolith microchemistry and tagging, as follows.
Otolith microchemistry analyses have provided evidence of extensive movements and mixing of individuals in both A. trutta and A. georgianus (Ayvazian et al. 2004; Hughes et al. 2011) . Using analysis of δ 18 O and δ 13 C from 559 fish across 10 sites between Adelaide (South Australia) and Dongara (Western Australia), Ayvazian et al. (2004) found that, in general, the sampled individuals of A. georgianus had not spent their entire lives in the waters in which they were captured. This is in contrast to a range of other species with similar geographic distributions (e.g. Edmonds and Fletcher 1997; Edmonds et al. 1999) . Similar conclusions were reached for A. trutta by based on 115 individuals sampled across eight sites between northern New South Wales and Tasmania. Elemental signatures (Li, Na, Mg, Mn, Sr, Ba) were strongly influenced by age, reflecting the extensive movements and geographical age stratification of maturing fish. The data from both studies supported the idea that A. trutta comprised a single, well-mixed population. Both studies also reported limited evidence of partial residency in some populations, but not in sexually mature fish. No otolith microchemistry studies have been conducted on A. truttaceus.
Tagging studies have also demonstrated a progressive age-based movement of maturing fish from nursery areas in the south-east to respective adult distributions along the east coast (A. trutta) and the south-west coast (A. truttaceus and A. georgianus) of Australia. These studies, which were based on hundreds of tagged fish, also showed that adults of each species make multi-directional movements within their adult distributions with no evidence for sitefidelity or a return to nursery areas (e.g. Stanley 1986 Stanley , 1988a Stanley , 1988b Stanley , 1988c Ayvazian et al. 2004 ). The conclusions from all of these studies were that each of the species represents a single homogenous population.
The results of this study add to a small list of coastal pelagic species that could be genetically homogeneous and possibly even panmictic over a vast distance (e.g. see Hoolihan et al. 2006; Cárdenas et al. 2009; Palm et al. 2009 ). It is also noteworthy that the results were effectively the same for the eastern and western sibling-species of Australian Salmon (A. trutta and A. truttaceus, respectively), indicating that environmental conditions on both the east and west coasts of Australia are similarly conducive to high gene flow in these species. Three factors appear to be critical in the high gene flow life history of Arripis. Firstly, almost all of the spawning individuals of each species converge on a relatively spatially-restricted area over a short time-frame, which will facilitate random mating (see also White et al. 2009 ). Secondly, pelagic spawning is closely coincident (and possibly linked) with oceanographic conditions, especially major currents. Specifically, spawning in both A. truttaceus and A. georgianus occurs in south-western Australia, peaking in April and May when the south-east-flowing Leeuwin Current is at its strongest (Caputi et al. 1996) , while spawning in A. trutta occurs in eastern Australia, peaking in January when the south-flowing East Australian Current is strongest . Thirdly, there is a progressive migration of early life history stages back to the adult distribution, which presumably provides an extensive homogenising effect in all species of Arripis (see also Ward et al. 2003 ).
Conclusions
Firmly proving or disproving a hypothesis of genetic homogeneity in a marine species is difficult, as is exemplified by a series of studies of the European Eel (Anguilla anguilla), which have variously proposed and rejected a model of homogeneity (see DeLigny and Pantelouris 1973; Lintas et al. 1998; Daemen et al. 2001; Wirth and Bernatchez 2001; Maes and Volckaert 2002; Dannewitz et al. 2005; Palm et al. 2009; Als et al. 2011) . This study provides the strongest evidence to date that, as predicted, each of Arripis trutta, A. truttaceus and A. georgianus is genetically homogenous in Australian waters. Information from additional genetic markers is, however, required to improve the power of the analysis of the population genetic structures of these species.
